Recently, a new, vanadium alloyed welding consumable with a minimum yield strength of 1100 MPa was developed. The mechanical properties of welding consumables for gas metal arc welding are usually classified by producing and testing allweld metal samples, which are typically a multipass weld. Chemical and microstructural fluctuations of a vanadium alloyed allweld metal sample on a macro-and microscale and their influence on the local mechanical properties were investigated. On a macroscale, hardness mappings show a pattern of hard and soft zones which can differ up to 60 HV. Despite the existence of these fluctuations, undersized Charpy V-notch tests revealed no significant difference between the last weld bead and the underlying ones. It is explained how vanadium and its tendency to form precipitates affect both the hardness inhomogeneity and the toughness homogeneity. On a microscale, segregations of several alloying elements and significant grain size fluctuations were found. Their influence on fluctuations of the mechanical properties is discussed as well.
Introduction
High-strength steels are frequently welded by gas metal arc welding with matching welding consumables to produce components with a high load bearing capacity and a comparatively low weight. These components can be found in e.g. vehicles or cranes, where a low component weight can save a significant amount of energy. The mechanical properties of the produced welds depend on their geometry, number of layers and the used welding parameters. Of course, also the choice of a suitable chemical composition of the welding consumable is crucial. In order to classify the mechanical properties of the welding consumable itself, the production of all-weld metal samples according to DIN EN ISO 15792-1 is required. In this procedure, a large gap is buffered and then filled layer by layer with the welding consumable. The result is a multilayer structure similar to Fig. 1 with a reproducible number of beads depending on the chosen welding parameters. This sample design (and especially the buffering) eliminates influences from the chemical composition of the base material and should lead to a chemical composition of the weld metal which is only influenced by the chemical composition of the filler wire.
Such a multipass weld contains several sources of inhomogeneity on different scales. At first, the bead will solidify in a cellular or dendritic manner, which generates interdendritic segregations of alloying elements [1, 2] . These segregations can affect the formation of different ferritic constituents in the weld metal during further cooling. This was described by Keehan et al. [2] for high-strength weld metals produced by shielded metal arc welding and by Powell and Herfurth [3] for gas metal arc welds. In another study, Haslberger et al. pointed out that these segregations could also influence the formation of clusters and precipitates in V-alloyed weld metal [4] .
After delta ferrite formation, austenite columns will form upon cooling. Their size and shape may change throughout the weld bead. This phenomenon was investigated by Zhang and Farrar [5] , who showed that the width of austenite columns can change throughout one weld bead depending on the nickel content. These factors (segregation and column growth) may influence the microstructure from a microscopic point of view.
From a macroscopic point of view, every deposited bead is reheated by subsequent welding passes. Depending on the peak temperature, this can effect remelting, reaustenitization, or tempering of the microstructure. As a result, zones with the original or altered microstructures exist in the weld, which was described in several studies [6] [7] [8] [9] [10] . The size of zones with different types of microstructure (i.e., columnar grains and refined equiaxed or recrystallized grains) is dependent on the used welding parameters [6] . The influence of the area fraction of columnar grains and recrystallized grains on the impact toughness is reported diversely [10] . While some indicated that a high amount of reheated material is beneficial for impact toughness [11] , others suggested that a low amount of reheated material is advantageous because of a higher homogeneity of the weld [12] . Another study claimed that the influence of the amount of reheated material is negligible [3] . Therefore, it can be summarized that the influence of the amount of reheated material on the impact toughness strongly depends on the investigated material and its microstructural condition.
Currently, a V-alloyed welding consumable with a yield strength of 1100 MPa and a minimum impact energy of 47 J at − 20°C was developed [13] . The produced all-weld metal samples were martensitic and contained V(C,N) precipitates [4, 13] . The purpose of this study is to demonstrate the existence of chemical and microstructural inhomogeneities in this type of martensitic multipass weld metal and to clarify their influence on the mechanical properties of the weld. Special emphasis is put on the comparison between the last deposited bead and the middle of the all-weld metal due to their difference in thermal history. Hardness mappings and subsized Charpy V-notch tests are used to determine fluctuations of the local mechanical properties of the multipass weld. Microprobe investigations and microstructure comparisons are used to interpret the observed mechanical behaviour.
Materials and methods
The investigated all-weld metal samples were produced by gas metal arc welding according to DIN EN ISO 15792-1 using the welding parameters shown in Table 1 . In total, the weld metal consisted of 7 layers with 21 beads (Fig. 1) . The chemical composition of the weld metal is shown in Table 2 . The amount of alloying elements guarantees a fully martensitic weld metal for the expected cooling time between 800 and 500°C of about 5 s. For an evaluation of the local mechanical behaviour of the weld metal, hardness mappings and local Charpy V-notch tests were carried out. The Vickers hardness mappings were conducted with a load of 2 kg and a step size of 0.5 mm. Subsized Charpy V-notch samples with a cross section of 5 × 10 mm 2 were prepared ( Fig. 2) , dividing the all-weld metal sample in an upper, middle and lower area. In the upper samples, a large part of the notch length was located in the last deposited bead, while the middle and lower samples contained a mixture of differently reheated material. Three samples were tested at each temperature according to DIN EN ISO 148-1, and the measured values were converted to the values for a 10 × 10 mm 2 sample by applying a geometric factor accounting for the size of the fractured area compared to a standard size sample [14] .
For the investigations of interdendritic segregations, electron probe microanalysis measurements were performed at an acceleration voltage of 15 keV and a probe current of 600 nA. A step size of 500 nm was chosen to ensure the ability to resolve the segregations. Light optical microscopy of the nital etched sample was used to identify zones with different microstructural appearance on a macro scale. Electron backscatter diffraction (EBSD) measurements at 30 keV and 10 nA with a step size of 80 nm were used to determine local effective grain sizes inside the last deposited bead. The effective grains were defined by their misorientation tolerance angle of 15° [15] , and their size was averaged by area. More information regarding sample preparation and EBSD parameters can be found in [16] , which specifically addresses the microstructural characterization of all-weld metal samples with light optical microscopy and EBSD. 
Local impact toughness
The converted Charpy impact values from − 60 to + 20°C for all three locations in the multipass weld are depicted in Fig. 3 . Generally, the impact toughness increases gradually with increasing temperature. There is no significant difference between upper, middle and lower part of the all-weld metal, and therefore no significant difference between top bead and tempered beads despite their diverse thermal history.
Hardness mappings
For an assessment of hardness fluctuations in the multipass welds, several hardness mappings were conducted over the whole weld metal, and the results are exemplarily shown on one obtained map. The hardness indents covered a large part of the sample, which is shown in Fig. 4a , where also the position of the last, untempered bead is marked by a black line. The position of the last bead is different compared to the sample used for the Charpy V-notch tests. However, this should not affect the interpretation of the results. The resulting hardness map is shown in Fig. 4b . Varying hardness values between 350 and 410 HV were observed. The yellow and orange colours (arrow in Fig. 4b ) in the last bead show that it is softer than the surrounding material. In the heat-affected zone below the last bead, a harder area with ca. 410 HV and a soft zone with ca. 370 HV follow. Throughout the rest of the all-weld metal, hard and soft zones appear in the shape of the corresponding weld beads and their heat-affected zones, leading to an average hardness of ca. 380 HV.
Interdendritic segregations
Microprobe mappings of the elements Mn, Cr and V were conducted to assess the existence and the amount of interdendritic segregation in the material. All measured elements clearly segregated, which is visible in Fig. 5 . The red points in the Mn maps (Fig. 5a, b) originate from Mn-rich inclusions, which are homogeneously distributed over the whole weld metal. Consequently, they are not included in the further evaluation and interpretation of the interdendritic segregations visible in the map. Visually Mn segregates more than Cr (Fig. 5c, d ) and V (Fig. 5e, f) . The amount of segregation was evaluated by calculating the ratio of the maximum local element concentration and the average concentration over the whole map. Both Mn and Cr showed maximum contents of about 120% of the average value in the segregated regions. For V, this value was even higher with 190%. No difference between the top bead and the middle beads was observed, implying that reheating did not cause a redistribution of alloying elements on this length scale. 
Grain size fluctuations
The nature of the multipass welding process implies the existence of grain size fluctuations between the passes due to reheating. This phenomenon of a mixture of zones with columnar grains and zones with equiaxed fine grains is well described in literature [6, 7, 10, 12, 17, 18] and exemplarily shown in Fig. 6 for the current material. On a different scale, grain size fluctuations inside a single weld bead may occur. Therefore, EBSD measurements were conducted at several positions in the last bead for a determination of the local effective grain size, which was defined by a tolerance angle of 15° [15, 19] . This tolerance angle ensures that martensitic blocks are separated and that the grain size correlates to the fracture behaviour of the material [15] . The results in Table 3 clearly indicate the existence of fluctuations of the effective grain size within the bead. Additionally, due to the irregular nature of the martensitic microstructure, the standard deviation at each position is high. However, there was no evidence for changes in microstructure caused by the interdendritic segregations. The influence of the irregular microstructures on different scales will be discussed in the next section.
Discussion
Several methods were used to investigate the influence of inhomogeneity on different scales on the local mechanical properties of a martensitic all-weld metal sample produced from a new type of welding consumables.
In multipass welds, a weld bead will be heat treated by subsequent welding passes [7, 12] . In the case of a martensitic weld metal, this implies the assumption that the reheating will cause a tempering of the martensite which should generally increase the toughness [1] . Consequently, the last bead should have a higher strength and a lower toughness than the rest of the weld. However, the type of welding consumables investigated in this study is alloyed with V. This element is known for its potent strengthening effect in steels because of its tendency to form precipitates during reheating [4, 20, 21] . Therefore, hardness mappings and local Charpy V-notch tests were applied to study the local mechanical properties and the difference between the last weld bead and the underlying beads in this type of material.
The local Charpy V-notch tests delivered unexpected results. From Fig. 3 , it can be concluded that there is no significant difference between the impact toughness of the last bead (upper part) and the rest of the weld. Contrarily, the hardness mappings showed that the last bead is softer than the underlying structure (Fig. 4) . This behaviour can be explained by looking at the precipitate population in the material. In an atom probe study on the same type of material [4] , it was proven that precipitates do not exist in the last bead. Compared to the rest of the weld, the toughness is hence not decreased by precipitate formation, but also there is no tempering of the martensitic matrix. These counteracting mechanisms result in a parity of the Charpy V-notch energies for all parts of the weld. The absence of V-rich precipitates in the last bead is also responsible for its comparatively low hardness.
Both the impact energy and the hardness show significant fluctuations. The standard deviation of the impact energy was up to 6 J (Fig. 3) . The hardness map depicts values between 350 and 410 HV for the weld metal (Fig. 4) . These fluctuations may stem from interdendritic segregations of alloying elements as well as grain size heterogeneity in the weld metal. As shown in Fig. 5 , several alloying elements tend to segregate during solidification in the investigated system. The effect of these segregations on the martensitic matrix is hard to quantify. According to Table 3 , the grain size varies depending on the location of the EBSD scan. However, there is no obvious evidence for a connection between interdendritic segregations and grain size. Nevertheless, it can be concluded that enrichments of elements like Mn, Cr and especially V will change the potential for precipitate formation. The resulting heterogeneity of the precipitate population will induce fluctuations in the local impact energy.
Furthermore, as each welding pass will create a heataffected zone inside the weld metal with areas of coarsegrained microstructures and fine-grained microstructures, a multilayer weld is always inhomogeneous in terms of grain size. The intercritical reheated zone may also contain areas with fresh martensite which leads to a local deterioration of both hardness and toughness [22, 23] . This soft zone is clearly visible in Fig. 4b . Additionally, the formation of precipitates is dependent on the reheating temperature. Hence, a Charpy Vnotch sample will contain a mixture of zones with different grain sizes (Fig. 6) , microstructural constituents and precipitate populations, which may also lead to fluctuations in the impact energy values. Contrarily, Fig. 3 shows as high standard deviations for the top bead as for the rest of the weld. Therefore, it can be concluded that these heterogeneities in the middle of the multipass weld are balanced over a whole Charpy V-notch sample and the impact energy of the mixed microstructure will always be similar despite the existing hardness fluctuations.
Conclusions
An all-weld metal sample was produced by gas metal arc welding with a V-alloyed welding consumable, resulting in a multipass weld with 21 weld beads. This type of material was investigated regarding its local mechanical properties and microstructural appearance with local Charpy V-notch tests, hardness mappings, microprobe, light optical microscopy and electron backscatter diffraction. The findings can be summarized as follows:
& There was no significant difference between the local impact energies of the last bead and the underlying weld. The last bead does not contain precipitates, but is also not tempered. In the underlying weld, the tempering of the martensitic microstructure counteracts the toughness loss by precipitate formation. 
